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Introduction
The apoplast matrix that surrounds the plant cell is a dynamic microenvironment that mediates communication between the cell and its surroundings and is often the first line of defense against invading pathogens. One of the first plant responses to pathogen invasion is an increase in a wide array of secondary metabolites, many of which can be detected in the apoplast shortly after pathogen contact. These metabolites serve many roles including cell wall reinforcement, antimicrobial toxicity, and bioactive influence on the plant/pathogen interaction. Plant cell suspensions offer a useful model system to help gain insight into apoplastic phenomena [12, 15] . The cells maintain a pseudo-apoplast environment within the cell wall matrix that is continually in flux with the suspension medium. In tobacco, we demonstrated the increase in hydroxycinnamic acid derivatives several hours after inoculation with pathogenic bacteria and how these metabolites can be oxidized by the oxidative burst associated with resistant interactions [5, 7] . One compound, acetosyringone, was shown to have a bioactive effect on the plant/bacterial interaction, affecting the timing of early physiological responses [6] .
In this study with potato suspension cells, we found the major soluble extracellular phenolics that accumulated were hydroxycinnamic acid (HCA) amides. The increase of soluble and cell-wall bound phenolic amides as a result of various stresses is well documented [10, 13, 15, 17, 20] . The synthesis of these metabolites appears to involve phenylalanine ammonia lyase (PAL), which is stress induced and leads to hydroxycinnamic acid moieties including CoA thio esters. The condensation of the CoA thioester with the amine moiety appears to be carried out by amine specific transferases [9, 10] . This has been best demonstrated for tyramine conjugates, tyramine is produced by the action of tyrosine decarboxylase (TDC) and the product is transferred to the hydroxycinnamoyl-CoA thioester by tyraminehydroxycinnamoyltransferase (THT) [10, 11, 20, 22] .
In this study, we report the hourly change in potato secondary metabolites in response to pathogens or pathogen-related elicitors. Previous studies reported changes that occurred many hours or days after various treatments. We have been studying the release of extracellular phenolics in potato suspension cells in relation to the presence of pathogens and the often associated oxidative burst.
Here we report in potato suspension cells a more differential induction of the extracellular phenolic amides in regard to the bacterial pathogens at a time early enough to have a bioactive influence on the interaction.
Materials and methods

Chemicals
Horseradish peroxidase (P-8250), luminol (5 amino-2,3-dihydro-1,4-phthalazinedine; A8511), hydrogen peroxide (H1009) and all other chemicals were purchased from Sigma-Aldrich Chemicals Inc. (St. Louis, MO), unless otherwise noted.
Plant material
Potato (Solanum tuberosum cv. Kennebec) suspension and callus cultures are maintained on B5 media (Sigma G5768) supplemented with sucrose 20 g l
À1
; MgSO 4 , 6.9 mg l À1 ; myo-inositol, 0.1 mg l À1 ;
2,4-D 0.5 mg l À1 ; casein 2 mg l À1 ; thiamine 10 mg l À1 ; pyridoxine 1 mg l À1 ; nicotine 1 mg l À1 ; pH 5.83. Every 7 days 13 ml of suspension culture were transferred to 80 ml of fresh media. Routinely, 5-days-old potato cultures were used for assays. Cells were washed and suspended at a cell density of 0.05 g/ml in assay buffer (0.5 mM CaCl 2 , 0.5 mM K 2 SO 4 , 175 mM mannitol and 0.5 mM MES, pH 6). The cell suspensions, 25 ml, in 50 ml beakers, were equilibrated for 0.5 h prior to treatment in a rotary water bath shaker at 27 C and 190 rpm. Treatments were added directly to the suspensions. The viability of potato cells remained constant during the 7 h monitoring period of these experiments as estimated by Evans Blue staining [3] . All experiments were performed at least twice with two or more replicates per treatment.
Bacterial and fungal preparations
Isolates of Pseudomonas syringae pv. syringae 61 (Pss), P. syringae pv. tabaci, and Ralstonia solanacearum, were maintained on Kings B agar [8] . Pss isolate WT(HRþ), which causes a hypersensitive reaction in potato, was supplemented with nalidixic acid (25 mg/ml); Pss B7(HRÀ), containing a single Tn5 insertion and does not induce a hypersensitive response in potato [1] , was supplemented with nalidixic acid (25 mg/ml) and streptomycin (40 mg/ml). Prior to use, bacterial cultures were grown for 20 h in Kings B broth, centrifuged, washed and suspended in deionized water. Based on optical density, the concentration of the bacterial inoculum was adjusted with sterilized deionized water so that addition of about 200 mL to potato cell suspensions would result in a final bacterial concentration of 10 7 cfu ml
À1
, unless otherwise noted. Bacterial concentrations in potato cell suspensions were verified periodically by dilutionplating. Heat-killed preparations (HKWT) of Pss WT(HRþ) were prepared as above and then autoclaved 20 min prior to treating cell suspensions.
The fungal elicitor was prepared from Phytophthora infestans grown 3-4 weeks at 18 C in still cultures in the synthetic medium as described by Kamoun et al. [14] .
HPLC-UV quantification phenolics
One-milliliter samples of potato cell suspensions were filtered through Miracloth and centrifuged at 12 000g for 5 min prior to HPLC analysis. When not analyzed immediately, samples were flushed with N 2 and stored overnight at À20 C. Phenolics were separated by C 18 RP-HPLC using a Waters (Milford, MA) quaternary pump, autosampler, photodiode array detector, and Empower data acquisition on a Dell Pentium 4 computer. A 250 Â 4.6 mm i.d., 5 mm Luna C18(2) analytical column (Phenomenex, Torrence, CA) was used with a binary mobile phase gradient of methanol in 0.01% aqueous phosphoric acid as previously described [5] . Aliquots, 100 mL, of samples were acidified with phosphoric acid (0.1%) and placed in the autosampler using a 40 mL injection volume. Quantification of peak area was preformed using the UVmax wavelength for each peak and reported as relative HPLC units.
Identification of phenolics
Atmospheric pressure ionization mass spectrometry analysis was performed on a Quattro LC benchtop triple quadruple mass spectrometer (Micromass Ltd., Manchester, UK) using the electrospray ionization interface in the negative mode (ES À ) as previously described [23] . Mass spectrometric data were acquired in the full scan mode over the m/z 50-400 range. Sensitivity of the mass spectrometer was optimized using an acetosyringone standard. A Waters 2690 HPLC system using the same column and gradient as described for HPLC-UV analysis was utilized for separation of the phenolics. Samples of potato suspensions for mass spectroscopy were prepared as for HPLC-UV followed by acidification with phosphoric acid (0.1%) and extraction with ethyl acetate. Dried samples were dissolved in methanol-water, (1:1, v/v) plus 0.1%
formic acid, and 20 mL injected per run with a Waters autosampler.
Phenolics isolated by HPLC-UV were dissolved in 0.8 ml of CD 3 OD, and 1 H NMR spectra were acquired deuterium locked at 25 C using a Bruker QE 300 MHz NMR spectrometer. Chemical shift values were assigned relative to the frequencies of residual nondeuterated water and methanol externally referenced to tetramethylsilane (TMS).
Extracellular antioxidant assay
The extracellular antioxidant capacity was estimated using a chemiluminescent assay that determined the quantity of H 2 O 2 consumed by samples [4] . Samples (0.4 ml) of treated or untreated suspension cells were dispensed into tubes, and placed into an EG&G Berthold Autolumat 953 luminometer (Bad Wildbad, Germany). Two stock solutions were prepared: A) 0.5 mM H 2 O 2 in the same assay buffer used for cell suspensions; and B) horseradish peroxidase, 28.8 U/ml, and 1.71 mM luminol in 1 M NaPO 4 , pH 7.
The luminometer first added stock solution A (50 mL) followed 4.5 s later by stock solution B (50 mL). The final concentrations were 50 mM H 2 O 2 , 1.44 U/ml of peroxidase and 171 mM luminol. Chemiluminescence was measured as relative light units (RLU) every 0.1 s for 20 s; the maximum measurement is proportional to the H 2 O 2 concentration. Standard curves were prepared with dilutions of H 2 O 2 in assay buffer. Under these assay conditions, the extracellular antioxidant in each sample had sufficient time to react with the added H 2 O 2 ; the remaining H 2 O 2 reacted with luminol. The decrease in RLU in suspension samples compared to buffer controls corresponds to the H 2 O 2 consumed by extracellular antioxidant in each sample and provides an estimate of the extracellular antioxidant concentration of each sample.
Results and discussion
Identification of extracellular phenolics
The eight phenolics from S. tuberosum cell cultures were identified as Z and E isomers of four HCA amides ( Table 1 ). The four E isomers (shown in Fig. 1 ) were much more abundant than the corresponding Z isomers, which reportedly arise via photo-induced isomerization of the natural E isomers [19] , and are therefore not considered further in the results. Peak pairs 1 and 3, 2 and 4, 5 and 7, and 6 and 8 had identical ES À -MS spectra but very different UV spectra, which showed the first compound in each pair (peaks 1, 2, 5 and 6) to be the Z isomer and the second compound (peaks 3, 4, 7 and 8) to be the corresponding E isomer [19] . The HPLC elution times, ES À -MS spectra, and UV spectra of S. tuberosum peaks 5 and 7 were identical to N-(Z)-feruloyltyramine and N-(E)-feruloyltyramine ( Fig. 1) , as identified in a previous study [5] . In the ES 280, analogous to N-feruloyloctopamine but 30 Da lower, suggesting the substitution of a proton for a methoxy group at C-3 of the HCA phenyl ring. Consistent with this, the UV spectrum of peak 3 (maximum at 308 nm) indicated the inclusion of a (E)-p-coumaroyl moiety in the structure. Identification of peaks 6 and 8 is less certain, but the UV and ES À -MS spectra support the conclusion that they are Z and E isomers of N-feruloyl-4 0 -O-methyloctopamine ( Fig. 1) . Specifically, the UV spectrum of peak 8 was closely similar to those of N-(E)-feruloyltyramine and N-(E)-feruloyloctopamine, indicating that peak 8 is an , to Pss WT(HRþ) and B7(HRÀ), which do and do not cause an oxidative burst, respectively, was followed over a 7 h period using an inoculum concentration of 10 7 cfu ml
À1
. The accumulation of extracellular phenolics was monitored using UV-HPLC analysis (Fig. 2A) . The detection of an oxidative burst was accomplished by the periodic sampling of the total extracellular antioxidant capacity (Fig. 2B) , which decreases during an oxidative burst [4] .
The extracellular phenolics in all of the potato suspension treatments did not accumulate substantially during the first 2 h period ( Fig. 2A) , which coincided with an oxidative burst resulting from the preparation of the cell suspensions (Fig. 2B) . Previous studies have demonstrated that many extracellular phenolics act as antioxidants and are oxidized during periods of oxidative stress [4, 5] . After about 1.5 h the initial oxidative burst appeared to end and the control and B7(HRÀ) treatments immediately started to increase in antioxidant capacity, while the Pss WT(HRþ) treatment was delayed about 1 h. After this initial period, the control cell suspensions and Pss B7(HRÀ) treatment increased in extracellular phenolics and antioxidant capacity for the remainder of the 7 h monitoring period. The potato suspensions treated with Pss WT(HRþ) increased in antioxidant capacity after about 2.5 h at a similar rate to the other treatments, however, a second much larger oxidative burst started at about 3.5 h and peaked at about 5 h (Fig. 2B ). This coincided with much lower concentrations of Table 1 : peak 1 and 3, the Z and E isomers, respectively, of N-p-coumaroyloctopamine; peak 2 and 4, the Z and E isomers, respectively, of N-feruloyloctopamine; peak 5 and 7, the Z and E isomers, respectively, of N-feruloyltyramine; peak 6 and 8, the Z and E isomers, respectively, of N-feruloyl-4 0 -O-methyloctopamine. The structures of the E isomers are shown. extracellular phenolics in this treatment ( Fig. 2A) and a decrease between 4 and 6 h. Four major phenolics, coumaroyloctopamine (COA), feruloyloctopamine (FOA), feruloyltyramine (FTA), feruloyl-4 0 -Omethyloctopamine (FMOA), were detected in the extracellular fluid of treated 5-days-old potato suspension cells during the 7 h monitoring period (Fig. 2C-D) . In control treatments, FOA was the major constituent and continued to increase throughout the monitoring period while the other constituents fluctuated at lower concentrations (Fig. 2C) . In Pss B7(HRÀ) treatments, the FOA was also the major constituent; COA was the second major constituent and generally increased during the monitoring period (Fig. 2D) . COA was the major constituent detected in Pss WT(HRþ) treatments and interestingly reached concentrations that were higher than in other treatments after 5 h, which corresponds with the oxidative burst (Fig. 2E) .
R. solanacearum and P. tabaci isolates
Different responses were found when potato cell suspensions were treated with R. solanacearum and P. tabaci, 10 7 cfu ml À1 , which cause a susceptible and resistant response, respectively, on potato plants. Interestingly, suspensions treated with the R. solanacearum maintained relatively low levels of extracellular phenolics compared to untreated cells (Fig. 3A) . The antioxidant capacity of the R. solanacearum treatment was also much lower than control or P. tabaci treatments (Fig. 3B) , which could contribute to the low levels of extracellular phenolics. The lower concentration of extracellular phenolics in the R. solanacearum treatments could be attributed to either suppression of phenolic production or an increased oxidative metabolism which oxidizes the phenolics. Both FOA and COA increased to low levels by 4 h, after which COA continued to increase, while FOA began to decrease (Fig. 3C) . Potato suspensions treated with P. tabaci accumulated higher levels of phenolics than untreated cells (Fig. 3A) . Although P. tabaci caused a small oxidative burst at about 4 h (Fig. 3B) , this did not affect the levels of phenolics that accumulated in this treatment (Fig. 3A,D) . Most of the increase in P. tabaci treatments compared to untreated cells was due to increased COA accumulation; the FOA concentrations increased at rates comparable to the untreated cells (Fig. 3C ).
Effect of plant cell density and cell age on extracellular phenolic accumulation
Previous experience with tobacco suspension cells has indicated that both cell density and age affect the quantitative and qualitative aspects of extracellular accumulation [5] . To examine the effect of these parameters on the extracellular phenolic accumulation of either stressed or unstressed potato cell suspensions, the cell density and age of potato suspensions were varied. The extracellular phenolic composition was examined after 6 h. The stress treatment involved the addition of P. tabaci, 10 7 cfu ml À1 for 6 h. The later treatment was chosen because it had demonstrated a large effect on phenolic accumulation (Fig. 3A) . The concentration of extracellular phenolics after 6 h increased almost linearly as cell density was increased from 0.025 to 0.075 g ml
À1
. The individual phenolics feruloyloctopamine (FOA) and coumaroyloctopamine (COA) followed the same pattern for both treated and untreated cells, and appeared to reach a maximum accumulation around 0.075 g ml À1 (Fig. 4A ).
The concentration of extracellular phenolics that accumulated in potato cell suspensions after 6 h with or without P. tabaci, 10 7 cfu ml À1 increased with the age of the suspension cells (Fig. 4B) .
The concentration of feruloyloctopamine and coumaroyloctopamine increased with age in P tabaci treated suspensions, while only feruloyloctopamine increased with age in untreated cells (Fig. 4B ).
Effect of bacterial density on extracellular phenolic accumulation
Previous experience has shown that varying the bacterial density between 10 7 and 10 8 cfu ml À1 will strongly influence many responses associated with the plant/bacterial interaction [2, 6] . Therefore we examined its effect on the extracellular phenolic accumulation using 5-days-old potato cells at a cell density of 0.05 g ml À1 with P. tabaci and R. solanacearum (Fig. 5) . Changes in the extracellular phenolic amides by potato cells could be seen at bacterial densities of 10 6 cfu ml À1 . As the inoculum concentration of R. solanacearum increased to 10 7 cfu ml À1 the levels of FOA decreased dramatically. The response to increased inoculum concentration of P. tabaci caused an initial increase in FOA, at 10 6 cfu ml À1 followed by 33% decrease and the inoculum concentration increased to 10 8 cfu mL
À1
. Conversely, the COA levels increased as the P. tabaci inoculum concentration increased.
Effect of abiotic elicitors on the composition of extracellular phenolics
Abiotic pathogen-related elicitors are often used to induce responses in plants, such as triggering of gene expression or blocking induction of the hypersensitive response. To see the effect of elicitors on extracellular phenolic amides, we used heat-killed Pss WT(HRþ) and a fungal elicitor prepared from P. infestans. Simultaneous monitoring of antioxidant capacity showed that both elicitors induced an immediate oxidative burst from which the cells recover by 6 h (data not shown). Despite the oxidative burst that is likely to have oxidized extracellular phenolics in the early phase of incubation, the levels of phenolics increased in potato by 6 h (Fig. 6) . The heat-killed bacteria (HKWT) caused a 2.5-fold increase in FOA compared to untreated cells, making it the dominant phenolic. The fungal elicitor induced more than a 20-fold increase in COA, which is normally a minor component, making it the dominant phenol in the extracellular fluid. This was the greatest increase we observed in this study.
This study demonstrates that plant suspension cells actively and rapidly accumulate bioactive phenolics in the extracellular environment during the first several hours of the plant/bacterial interaction. The biotic or abiotic elicitors present determine the magnitude and composition of these phenolics as demonstrated by the results from live and heat-killed bacterial pathogens as well as the P. infestans elicitor. It was also demonstrated that these phenolics are redox sensitive and that their concentration will diminish during periods of oxidative stress, which occur during resistant plant/pathogen interactions. Because these phenolics are in direct contact with the bacterial pathogens and because of their reported bioactivity [16, 18, 21, 24] it is feasible to speculate that they could influence the outcome of the interaction, which will be the subject of future studies. , treated with P. tabaci, 10 7 cfu ml
À1
, after 6 h B. Extracellular phenolic amide composition of potato suspensions, 3-, 5-and 7-days-old, treated with strain P. tabaci (Ptab), 10 7 cfu ml
, for 6 h. The peak area was determined by HPLC-UV. See Section 2 for details. The data shown represent the results of one experiment with two replicates of each treatment. The experiment was repeated two additional times with similar results. The error bars represents one standard deviation. (FOA, feruloyloctopamine; COA, coumaroyloctopamine).
